Novel nuclear microsatellite markers were developed for the invasive plant Oplismenus undulatifolius (Poaceae) to facilitate studies of invasion dynamics for this recently introduced, high-risk invasive species in North American mid-Atlantic forests.
Accidentally introduced into the United States, wavyleaf basketgrass (Oplismenus undulatifolius (Ard.) P. Beauv.; Poaceae) is recognized as a high-risk invasive species by the U.S. Department of Agriculture (USDA; USDA-APHIS, 2012) . This shade-tolerant, stoloniferous, perennial grass is well-adapted to the forest understory, spreading to form dense carpets that potentially crowd out native herbaceous plants and prevent the regeneration of native hardwood trees (Beauchamp et al., 2013) . Flowering spikelets with long awns produce an extremely sticky substance, allowing seeds to disperse readily, and potentially over long distances, by strongly adhering to nearly anything that brushes past. First identified in 1996 near Baltimore, Maryland (Peterson et al., 1999) , O. undulatifolius has since spread into at least 15 counties in Virginia, following an initial sighting in Shenandoah National Park in 2005 (Heffernan, 2014; EDDMapS, 2017) . The range continues to expand; in summer 2017 the first populations were detected in Pennsylvania and West Virginia. Due to this very recent and well-documented invasion history, O. undulatifolius is uniquely positioned to provide a rare and essential view into the invasion dynamics of a newly establishing invasive species. However, currently no genetic markers are available to examine population genetics of O. undulatifolius.
Here, we developed the first nuclear genetic markers for O. undulatifolius. These markers will facilitate studies to address important questions regarding the dispersal patterns and population genetics of this emerging invasive plant in U.S. mid-Atlantic forests. Reconstructed invasion routes are valuable for land managers to design effective control programs and monitor geographic areas at high invasion risk to curtail spread (Estoup and Guillemaud, 2010) . Such research will also provide foundational insights into the evolutionary dynamics of newly established populations that can in turn inform conservation and management strategies for this and other species experiencing range expansion. sequencing, and primer design. At SREL, 100-bp paired-end reads were screened using the PAL Finder pipeline (Castoe et al., 2012) with PAL_FINDER_v0.02.03 to identify sequences with microsatellite repeats, and primers were designed around those regions using Primer3 version 2.0.0 (Rozen and Skaletsky, 1999) . Of the ca. 27,000 reads examined that contained microsatellites, 5310 single-copy sequences were identified by SREL as containing microsatellite repeats around which primers could be designed. We initially screened and optimized PCR conditions using unlabeled primers (Invitrogen, Carlsbad, California, USA) at 48 of these putative loci (one hexa-, four penta-, and 43 tetranucleotide repeat regions) for amplification against two individual plants from each of two O. undulatifolius populations. For loci that produced amplicons of the expected size, PCR products were sequenced by Sanger sequencing (Eurofins Operon, Huntsville, Alabama, USA) following PCR cleanup (QIAquick PCR Purification Kit; QIAGEN) to confirm amplification of the correct target repeat motif.
METHODS AND RESULTS

We
Primers for 16 of the 48 targeted loci identified by SREL successfully amplified clear products, all with the correct sequence identity (Table 1) . We subsequently tested these loci for withinpopulation variability using 12-13 individuals from each of three populations, including the McKeldin area of Patapsco Valley State Park, Maryland, where wavyleaf basketgrass was first detected in the United States (Peterson et al., 1999) . The other two secondary populations are located ca. 200 km apart and in opposite cardinal directions from the original introduction site. One sample from each of these populations has been vouchered at the University of Richmond Herbarium (URV 024152-024154). Because O. undulatifolius can spread vegetatively within a given location, we deliberately sampled tissue from individual plants spaced at least 1.5 m apart along transects within these populations, to minimize the possibility of resampling the same ramet. Due to the relatively small patch sizes of O. undulatifolius at a given location, this necessarily led to restricted sample sizes within a given population. Using tissue collected by colleagues, we also genotyped a single individual from each of 20 additional populations spanning the known introduced range, to determine whether genetic variation could be detected across populations beyond the introduction site, with even a limited sample size. Finally, all 16 loci were tested for cross-amplification in five populations of the congener O. hirtellus (L.) P. Beauv., a species native to North America (Weakley, 2015) . We used two chloroplast DNA sequence-based markers that distinguish between these two species (L. Cseke, unpublished manuscript) to confirm the identity of the native plants. Collecting permission is provided in Appendix 1. Fragment analysis PCR was performed using Eppendorf Mastercycler thermocyclers (Eppendorf, Hamburg, Germany) with the following conditions: initial denaturation at 94°C for 4 min; followed by 30 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 30 s; and a final 7-min extension at 72°C. PCR was conducted in 12.5-μL reactions containing 50 mM Tris-HCl, 50 mM NaCl, 5 mM MgCl 2 , 0.02 mM of each dNTP, 10 μM dye-labeled primer (6-FAM or HEX fluorescent dye; Invitrogen), 10 μM unlabeled primer, and 10-15 ng DNA. Samples were analyzed at Duke University (Durham, North Carolina, USA) on an ABI 3730xl sequencer using the ROX 1000 Size Standard (Applied Biosystems, Waltham, Massachusetts, USA) following a 1 : 10 dilution and visualized with GeneMarker version 2.6.7 software (SoftGenetics, State College, Pennsylvania, USA). Allele sizes were confirmed by eye.
All loci were polymorphic in at least one of the populations analyzed (Table 2) , with the first recorded population at McKeldin, Maryland, containing greater allelic diversity on average (3.1 ± 1.3 alleles per locus) than either of the two newer populations (1.5 ± 0.6 and 1.4 ± 0.5 alleles per locus), even with our limited sample size within each location. Relatively low genetic variability is not unexpected for an invasive plant that has likely recently undergone a population bottleneck and can reproduce clonally. For eight of the 16 loci, the two secondary populations contained non-overlapping sets of alleles that were a subset of those found in the original introduction site, consistent with separate dispersal events. Analysis with GENEPOP version 4.2 software (Rousset, 2008) indicated that these loci also showed varying levels of heterozygosity (Table 2) , which was nearly always greater at the original location (McKeldin, Maryland) than the other two populations. High levels of homozygosity observed in the newer populations may reflect the species' capability for extensive vegetative spread (USDA-APHIS, 2012) and likelihood of apomictic reproduction (Scholz, 1981) . When screened across 20 individuals from O. undulatifolius populations across three states, all loci except wavy38 detected multiple alleles (Table 2) . We also successfully amplified all 16 microsatellite loci in plants from five populations of the native congener O. hirtellus from North Carolina and South Carolina, USA. Twelve of the 16 loci were polymorphic, with two to six alleles per locus within this set of individuals (Table 2) .
CONCLUSIONS
We have characterized 16 polymorphic microsatellite loci for the invasive grass O. undulatifolius. These are the first nuclear genetic markers developed for the species and are expected to be useful for a wide variety of applications, including spatial population genetic studies to resolve invasion routes of this emerging forest understory pest. All of these loci also amplified in the North American native congener O. hirtellus, suggesting these loci may be suitable to study gene flow and population structure for additional species within the genus.
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